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Introduction
Obesity is a global health problem that affects individuals of every age, sex, ethnicity, race, and socioeconomic status [1] . As little as a five percent reduction in body weight can achieve clinically significant improvements in metabolic health markers, while decreasing health risks and disease comorbidities [2] . However, it is clear that current treatments for obesity are, for the most part, only transiently effective; less than one-fifth of individuals who achieve a ten percent reduction in body weight successfully maintain that weight loss after one year [3] . These high recidivism rates have lead the National Institues of Health (NIH) to organize a working group, comprised of both basic and clinical scientists, to address the issues surrounding weight regain [4] .
The NIH working group identified two primary reasons to explain the high recidivism rates [4] .
First, weight loss achieved by dieting induces a number of physiological and behavioral adaptations that collectively result in an elevation of appetite and a suppression of energy expenditure [5, 6] . This mismatch between appetite and metabolic requirements, termed the energy gap (see Figure 1 ) [7] , establishes a strong and persistent biological pressure to regain lost weight. Second, the behavioral and pharmaceutical strategies used to induce weight loss are commonly employed in a transient manner and adherence to these strategies generally wanes as weight loss plateaus [4] . These observations have reframed the perspective on obesity and its treatment strategies demonstrating that obesity is a chronic and complex condition that requires a comprehensive and sustained approach in clinical care. To address the obesity problem, researchers and clinicians must apply this perspective to the development and implementation of treatments for more effective long-term clinical outcomes.
Regular exercise has emerged as a strategy with great potential to improve outcomes in obesity treatment [8] [9] [10] [11] . The benefits of exercise for general health are clear and unquestioned [12] .
Regular exercise lowers all-cause mortality and can prevent the onset of obesity, type II diabetes, hypertension, and cardiovascular disease [13] . However, the clinical effectiveness of physical activity as a weight loss maintenance strategy, in the form of regimented exercise or increased activity of daily living, has been the subject of much debate [14] .
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In this review, we present the arguments on both sides of this debate. Our purpose is to bring clarity to the published literature, present a more unified perspective, and identify gaps in our knowledge that need to be addressed in future studies.
Arguments Questioning Exercise as a Weight Loss Maintenance Strategy
Four main arguments have emerged that question exercise as a successful weight loss maintenance (WLM) strategy, namely: (1) the lack of evidence from randomized controlled trials (RCTs); (2) behavioral compensation in response to exercise; (3) inter-individual variability in response to exercise; and (4) "it doesn't matter, they won't do it".
Lack of Evidence from RCTs.
RCTs are the gold standard in determining the efficacy of any strategy in obesity therapeutics.
The most compelling argument that discounts regular exercise as an effective WLM strategy is the lack of evidence from such trials. Although not all [15, 16] , the vast majority of RCTs that examine weight regain or WLM as the primary outcome fail to show a beneficial effect of exercise (Table 1 -Column 1) [17] [18] [19] [20] [21] [22] [23] [24] . Despite the numerous health benefits that can be realized via physical activity, the failure of this intervention to meet the gold standard of RCT evidence has cast doubt on the usefulness of exercise in long-term weight control.
Biological Benefits of Exercise can be Masked by Compensatory Behaviors.
Practically speaking, if everything else remains the same, exercise should make WLM easier by acutely increasing energy expenditure. However, increasing energy expenditure through a discrete exercise bout can result in compensatory behaviors that negate the exercise-induced negative energy balance [25] [26] [27] [28] [29] [30] . These behaviors may be performed consciously or unconsciously and include decreases in non-exercise physical activity [27] and/or increases in energy intake (for a review see [30] ). The magnitude of this compensation will vary between individuals and can summate to minimize the exercise-induced negative energy balance or, in some cases, even result in a positive energy balance. It remains unclear which psychosocial factors predict whether an individual will compensate during an exercise intervention although there is some evidence that disinhibition [31, 32] , hunger [31, 32] , dietary status [31, 32] and binge eating [33] may confer a higher risk. In individuals susceptible to behavioral compensation, exercise may not improve weight loss maintenance unless it can be implemented in a manner that minimizes or eliminates these compensatory behaviors [34] .
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Inter-individual Variability in the Response to Exercise.
Clinical exercise studies report a broad range of responses in the measurement of appetite, energy expenditure, and energy balance [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . This inconsistency in response has led many researchers to classify research participants as exercise "responders" or "non-responders" [35, 36] , with the intention of studying their distinguishing characteristics. Even so, the etiology of this inter-individual variability is poorly understood. It is likely very complex, with origins in the genetic or epigenetic predisposition, spontaneous compensatory behaviors, or other environmental, socioeconomic and psychological factors that affect eating and physical activity behaviors. Additionally, an individual's metabolism, which is influenced by age, sex, adiposity, insulin sensitivity, intrinsic aerobic capacity, or maximal fat oxidation during exercise may also moderate how physical activity impacts the homeostatic and hedonic adaptations driving weight regain [4, 30] . The individual variability in response is not unique to exercise interventions, but is observed in all types of obesity treatments [34, 37, 38] . Blanket statements suggesting exercise will improve the maintenance of lost weight in all individuals must be tempered because variability in response to exercise interventions will ultimately influence whether exercise is beneficial for an individual.
It Doesn't Matter; They Won't Do It.
The clear beneficial effects of exercise on general health have led many agencies across the world, including the World Health Organization (WHO), to develop guidelines for physical activity [39] . The WHO guidelines recommend at least 150 minutes of moderate-intensity aerobic physical activity or 75 minutes of vigorous intensity physical activity per week. For additional benefits such as the maintenance of body weight, the amount of recommended physical activity is doubled [39] . Growing rates of obesity worldwide would suggest that either the guidelines are set at an insufficient level for the maintenance of body weight, individuals are not receiving a benefit due to compensatory behaviors, or that the public is not attaining the prescribed levels of physical activity. Results of the National Health and Nutrition Examination Survey (NHANES) suggest the latter. Sixty-five percent of the NHANES population self-reported meeting recommendations for physical activity; however, objective measurements of physical activity using accelerometry devices demonstrated that only 5% were achieving recommended levels of activity [40] . These results demonstrate that the public overall is not achieving the levels of physical activity recommended for the maintenance of body weight. This is mirrored in clinical exercise studies of WLM, where compliance is relatively poor even when substantial
behavioral, psychological, environmental, and financial support is provided (see Table 1 Column 2) [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Furthermore, approximately 50% of adults who initiate an exercise program drop out within the first 6 to 12 months [41] . Unless the barriers to exercise compliance and adherence in weight-reduced individuals are addressed, exercise will fail as an effective strategy for WLM.
Arguments Supporting Exercise as a WLM Strategy
Despite the arguments that have been levied against the effectiveness of exercise for weight control, there remains a considerable body of evidence that supports the utility of physical activity for WLM programs. This evidence stems primarily from observational and correlative clinical studies, along with preclinical studies which provide additional supportive data based on the biological responses of exercise during weight loss and weight regain.
Observational Evidence.
The National Weight Control Registry (NWCR) is the largest prospective investigation of longterm successful WLM [8, 9, 42] . Included in this registry are the behavioral and psychological characteristics of more than 10,000 people who have lost at least 30 pounds (~13.6 kg) and have kept the weight off for at least one year. Studies from the registry have identified a program of regular exercise as a key characteristic of those who have been successful with WLM [8, 9, 42] . Most NWCR subjects report physical activity levels corresponding to one hour of moderate-intensity physical activity per day [9] . This exceeds both levels of the WHO physical activity guidelines and suggests that perhaps the WHO recommendations are insufficient for WLM. Population studies on long-term WLM corroborate the findings of the NWCR. These studies demonstrate a positive correlation between the amount of exercise completed and the percentage of maintained weight loss [43] [44] [45] [46] [47] [48] [49] . Although these studies cannot definitively show that programed exercise is responsible for WLM, they do suggest that success is unlikely, unless regular exercise is incorporated into a WLM strategy.
Re-evaluation of RCTs.
RCTs are plagued by issues of adherence. The lack of adherence yields considerable variation in the amount of exercise actually performed (Table 1 -Column 2), to the extent that, in many studies, intention-to-treat analyses fail to detect a benefit of exercise on WLM (Table 1 - Column 1) [17] [18] [19] [20] [21] [22] [23] [24] . When the same RCTs are re-analyzed based on the self-reported amount of
performed exercise, a relationship between exercise and WLM readily emerges (Table 1- Columns 3 & 4) [16, 17, 19, 23, 50, 51] . This may be due to the RCT design, which randomly assigns participants without taking into account their proclivity to exercise regularly. As a result, participants that may have no desire or even an aversion to regular exercise may be assigned to an exercise arm of a trial. Conversely, those who are more inclined or highly motivated to exercise may be assigned to a sedentary arm of a trial. Given that adherence to exercise prescriptions continues to influence the results of RCTs, acquiring definitive proof of a beneficial effect of exercise on WLM, in this type of research paradigm, may prove to be cost prohibitive.
Countering the Biological Drive to Regain Weight.
Arguably, one of the most significant barriers to successful WLM is the underlying physiological adaptations that occur in response to diet-induced weight loss [11, 52] . A compilation of animal and human studies provides clear evidence that these adaptations occur in a number of key regulatory nodes in peripheral tissues and neural circuits in the brain (Reviewed in [6] ; summarized in Figure 2 ). The overarching effect of these adaptations is the creation of an energy gap, characterized by a mismatch between appetite and energy requirements (Figure 1 ).
There may also be additional neuroendocrine adaptations that enhance the rewarding aspects of food [53, 54] and reduce the desire to be physically active [11, [55] [56] [57] , which further exacerbates the mismatch between appetite and energy expenditure. Collectively, these adaptations provide a physiological defense against further weight loss and increase the biological drive to regain lost weight. The majority of these adaptive responses do not appear to resolve once weight has stabilized at the reduced body weight [6] . In fact, data from our preclinical models would suggest the converse, that the collection of adaptive responses strengthen as time in the weight-reduced state increases [58] .
Evidence derived primarily from preclinical models of refeeding and weight regain after energy restriction indicates that exercise counters numerous aspects of this adaptive response ( Figure   2 ). These responses to exercise culminate in a reduced drive to overfeed [59, 60] . Exercise also increases energy expenditure beyond the cost of the exercise bout itself [60] . We have linked this increase in energy expenditure to changes in peripheral tissues (skeletal muscle [60] and adipose [61] ) that together promote the preferential trafficking of dietary fat towards oxidative pathways rather than to storage depots. In relapsing exercised rats, excess nutrients are preferentially deposited via de novo lipogenesis. This makes the deposition of excess nutrients more expensive and results in an increased thermic effect of food [60] . Although the underlying
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A N U S C R I P T mechanisms responsible for the attenuated energy gap are not fully understood, the impact of exercise on appetite in relapsing animals may involve changes in leptin and insulin sensitivity [62, 63] or alterations to the concentrations of gut-released satiety signals [64] . Together, these effects of exercise counter the physiological response to weight loss by attenuating appetite, increasing expended energy, and making weight regain more energetically expensive.
A Practical Interpretation of the Literature
Subtle, But Distinct Perspectives About Exercise and WLM.
When translating research findings into a message for the public, the manner in which the message is conveyed can have significant implications. Consider two statements that could be conveyed to the lay public: Statement 1. Regular exercise is an effective strategy for keeping weight off. The first statement appears to step beyond the existing scientific evidence, as RCTs fail to provide definitive answers regarding the effectiveness of exercise for WLM. However, there is considerable correlative data, retrospective analyses, and evidence from preclinical models of weight regain that support this statement. Advocates who convey this message do so based on the collective strength of this supportive evidence.
The second statement conveys the state of the evidence in humans, based upon the traditional standards for establishing effectiveness. It does not preclude that exercise might impart a significant beneficial effect on WLM, but acknowledges that we simply do not have the evidence from clinical trials to establish causality. Beyond maintaining the standards for determining causality, there may be some value in holding to this distinction.
In this review, our objective is not to judge which of these perspectives is correct, but rather to distinguish between the two, clarify the arguments, and place them in the context of the evidence that supports them. We conclude that, in the extreme, both perspectives fail to 
Impact of Exercise on Energy Flux.
Mayer first observed in rodents [65] and later in humans [66] the relationship between energy intake, daily physical activity and the regulation of body weight. In 1956, he examined workers in West Bengal and observed that as daily physical activity decreased as a function of occupation, daily intake also decreased [66] . This led to the matching of energy intake and expenditure so that energy balance was maintained. This, however, was only effective to a certain point. Below a certain level of physical activity, sedentary workers failed to adjust their intake to match their very low level of daily expenditure. The mismatch between intake and expenditure resulted in a positive energy balance and weight gain. His findings suggest that daily physical activity, above a certain threshold of energy flux (turnover), allows an individual to better couple energy intake with energy expenditure. Placing this concept in the context of WLM (see Figure 3) , the low energy flux from the restriction on intake and the suppression of energy expenditure would be expected to fall well below this threshold. However, increasing levels of physical activity through regimented exercise and/or daily living physical activity could raise energy flux and improve
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weight loss maintenance by allowing for a better matching of appetite with energy requirements [67] . A recent pilot study tested this hypothesis, the authors took individuals with obesity through calorie-restricted weight loss to produce a 7% reduction in body weight and maintained that weight loss for 3 weeks prior to entering the experimental conditions [67] . In both 5-day low and high flux conditions, participants were carefully kept in energy balance; body weight and resting energy expenditure were measured daily and all food was provided for the participants. Low flux was characterized by low physical activity equivalent to a sedentary physical activity level of 1.35. High flux was achieved by a daily, supervised exercise bout (~500 kcal deficit) and through an increased daily step count. This study found that even while maintaining energy balance, increasing energy flux over 5 days decreased hunger, increased satiety and increased resting metabolic rate. These results suggest that high energy flux can attenuate both aspects (hunger and expenditure) of the energy gap produced during weight loss. Without environmental pressures that demand greater levels of physical activity or proactive behavioral changes to become more physically active, the biological response to weight loss becomes the default, and the result is weight regain. While Mayer's data are still employed today to conceptualize the benefit of exercise for body weight regulation, we have yet to understand the underlying mechanisms and complex interactions between the regulatory systems that coordinately influence appetite and physical activity. This is particularly true in the context of WLM. Figure 2 provides an initial glimpse of what we have learned about these mechanisms in recent years. The complexity suggests that we are unlikely to find one hormonal signal, individual neural center, or single tissue factor that is responsible for the effect of exercise in total. An approach that integrates perspectives from different disciplines with well-designed in vitro and preclinical studies will undoubtedly be needed to gain a deeper understanding of the underlying molecular mechanisms and proactively pursue their translation and application to the human condition.
Individual Variability with Exercise and WLM.
Individual variability must be expected in the ability and motivation to maintain an exercise program, in the response to exercise, and in the molecular and psychological mechanisms that underlie the impact of exercise [36] . The variability likely stems from the wide range of environmental conditions imposed and the genetic and epigenetic differences that influence the psychological and biological responses to weight loss. Variability in psychosocial factors and other behaviors such as dietary restraint [42] , diet composition [42] , and self-weighing frequency
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[68] may also affect individual weight loss maintenance success with exercise. This individual variability must be acknowledged as we pursue studies of WLM, and it is critical that we specifically design studies to understand this variability in order to leverage it for better outcomes.
Potential Sex Differences in the Effects of Exercise.
One component of this individual variability may be rooted in the sex-specific differences of exercise in countering the biological drive to regain weight. We employ a preclinical model of weight loss and regain in which Wistar rats are fed a high fat diet (Research Diets Inc. D D12344) for 16 weeks prior to undergoing calorie restricted weight loss on a lower fat diet with or without forced treadmill exercise (15m/min, 1 hour/day, 6 days/week, equivalent to a 1-hr slow jog in humans). While continuing the exercise protocol, we maintain this weight loss (10-15% of body weight) for 8 weeks then allow the rats to refeed ad libitum. We find that a regimen of regular exercise counters the biological drive to regain weight during relapse in the male rats ( Figure 4A ) [11] . The exercising male rats successfully maintained a portion (~20%) of the original weight loss and defended a lower body weight and fat mass than the sedentary controls. We have seen this response in males on both a low [11] and high [59] fat diet as have others [69] including classical animal studies carried out by Mayer, et al. in which normal weight male rats decreased food intake and body weight when exercising 20, 40 or 60 minutes [65] .
We recently put female rats through the same experimental paradigm and, in line with the work from Nance et al. [69] , found that the same exercise intervention did not similarly attenuate female weight regain ( Figure 4B ). Both exercising and sedentary females regained about 140% of their original body weight ( Figure 4B ) and had similar fat mass percentages during weight regain.
When we examined the energy gap of weight reduced male and female rats, as they transitioned to ad libitum feeding, the sex-specific difference in the effects of exercise on appetite and expenditure become evident ( Figure 5A & B) . In males, regular exercise reduced the magnitude of overfeeding, by attenuating food intake and increasing expended energy ( Figure 5A ). The impact on energy expenditure was revealed when overfeeding in sedentary animals (Sedentary Gap Matched) was titrated down to that of the exercised group. Despite the same positive energy balance, these rats expended ~10 kcal less than those that exercised [60] . In contrast, exercise had little effect on female rats in the same experimental paradigm ( Figure 5B ).
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Inconsistencies in the clinical literature, containing both male and female participants, allude to the possibility that our findings may translate to the human condition; however, many of these clinical studies are unpowered to detect sex-differences in response to an exercise intervention.
Although not in the weight-reduced state, one very well-controlled, randomized, clinical study by Donnelly et al. was powered to detect the differences between men and women (ages 17-35) in response to an exercise intervention [37] . Over the course of the 16-month, supervised intervention, exercising male participants lost an average of 5.2 kg compared to sedentary controls but exercising female participants displayed no change in body weight on average [37] .
In addition to differences in the average weight loss between males and females, there was a striking difference in the individual variability in response to the exercise intervention. The change in body weight in the male participants ranged from -14kg to +5kg while the change in female body weight ranged from -5kg to +11kg [34] . This suggests that the women, much like our female rats, were more likely to compensate for the cost of the exercise bout by either increasing caloric intake and/or decreasing non-exercise physical activity. It is interesting to speculate that distinct evolutionary pressures of reproduction between males and females [70] have resulted in divergent feeding responses to exercise. Either way, important clinical implications emerge if these sex differences broadly translate to humans.
Unanswered Questions.
There are many additional questions that need to be addressed so that we can fully understand Expanding our understanding of the mechanisms and answering these questions will be critical if we are to leverage this valuable strategy to better outcomes in obesity treatments.
Summary
ACCEPTED MANUSCRIPT
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Exercise is likely to be a very effective strategy for WLM for those individuals who are able to implement and maintain a regular regimen. Although the limitations of our science may prevent us from acquiring the critical pieces of data necessary for establishing causality, there is a substantial amount of supporting evidence from both animal and human studies that demonstrate the benefits of exercise for WLM if compensatory behaviors can be avoided. There are critical questions around the issues of adherence, the molecular mechanisms driving regain, and the individual variability that need to be answered, specifically in the context of WLM, if we are to leverage this powerful tool effectively in obesity therapeutics.
Acknowledgements
We thank Ginger C. Johnson and Julie A. Houck for their assistance in carrying out the preclinical studies. A C C E P T E D M A N U S C R I P T 
